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Ninety-five percent of 782 culture collection strains, as well as hospital strains of Staphylococcus aureus subsp. aureus
of different provenance and 43% of 89 culture collection strains of different coagulase-negative species of the genus
Staphylococcus, were found to be sensitive to the polyvalent phage f812 or to at least one of its host-range mutants or to
the polyvalent phages SK311, w131, and U16. Thus sensitivity to the polyvalent staphylococcal phages seems to be one of the
common features of S. aureus subsp. aureus strains. The adsorption kinetics and one-step growth characteristics of the
phages f812 and SK311 were estimated. Restriction genomic maps of the phages f812 (146.5 kb) and SK311 (141.1 kb) were
constructed by use of the restriction endonucleases AvaII, PstI, KpnI, SacI, SmaI, and XhoI. The host-range mutations of the
phage f812 were localized on this map. Comparison of restriction patterns of the phages f812 and SK311 with those of the
polyvalent phages U16 and w131 suggests that all these phages are closely related. Their genomes differ from each other
mostly by some deletions, insertions (1–3 kb), or inversions. Evidence was given that the phage f812 together with SK311,
w131, and U16 belongs in the phage species Twort, the description of which is substantially supplemented with the data on
the phage f812 reported in this paper. © 1998 Academic Press
INTRODUCTION
Pulverer et al. (1966) obtained from Dr. J. Fouage (In-
stitut Pasteur, Paris) two phages labeled PA and w131
which were found to lyse 90 of 111 Staphylococcus
aureus strains not typable by the International Set of
Typing Phages. The two phages were virulent and poly-
valent, exhibiting strong lytic action on a wide pattern of
S. aureus strains. For typing coagulase-negative staphy-
lococci, the set of polyvalent phages, which is divided
into two series (the so-called Ph series and the U series),
was proposed (Pulverer et al., 1975) and characterized
serologically (Pillich et al., 1978a) as well as morpholog-
ically (Tkadlecˇek et al., 1978). On the whole, the phages
lysed up to 66.7% of 183 S. epidermidis strains and up to
95% of 258 S. aureus strains (Pulverer et al., 1975). The
same set was used by Heczko et al. (1977) for typing 821
S. epidermidis strains and, with some modifications, also
for typing coagulase-negative staphylococci (Pillich et
al., 1978b; Brandis et al., 1978; Barcs et al., 1992; Fer-
reiros et al., 1991; Schumacher-Perdreau et al., 1988).
One of the U series phages, the phage U16, was used in
a simple adsorption test for differentiation between
staphylococci and micrococci (Schumacher-Perdreau et
al., 1978).
All the polyvalent staphylococcal phages mentioned
above are of morphotype A1 and serotype D (Ackermann
and DuBow, 1987) and were classified with the phage
species Twort, which is a member of the family Myoviri-
dae (Murphy et al., 1995). In the same species, the
following polyvalent staphylococcal phages were classi-
fied: phage K (Rees and Fry, 1981, 1983); P1 (Black and
Brown, 1986); P14, S3K, Muscae (Rosenblum and Tyrone,
1964); Gratia (Smith and Mudd, 1970); A, EW, J10, J11, K1,
K2 (Brandis and Lenz, 1984); Sb-1 (Chanishvili et al., 1980;
Andriashvili et al., 1983); 06, 40, 58 (Meekins and Blouse,
1969); A/3, A/5, f200, X, PK (Pillich et al., 1976); and RG,
119, 130, P2, P3, P4, P8, P9, and 1623 (Ackermann and
DuBow, 1987). The polyvalent and virulent phage desig-
nated SK311 isolated by Go¨tz et al. (1984) from Staphy-
lococcus carnosus also belongs to this phage species
(Ackermann and DuBow, 1987).
The lytic activity of polyvalent phages on a broad host
range of staphylococcal strains was used for preparing
an antistaphylococcal vaccine (Pillich et al., 1978c). Its
use for the treatment of chronic staphylococcal infec-
tions, as well as for enhancing the activity of the non-
specific immune response, was described (Esber et al.,
1981; Kress et al., 1981; Pillich et al., 1969). Mathur et al.
(1988) found that staphylococcal lysate, a preparation
obtained by lysis of S. aureus cells by a polyvalent
bacteriophage, was an interferon inducer and stimulator
of B and T lymphocytes. However, some authors pointed
out that vaccination with staphylococcal lysate did not
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improve the immune response to bacterial challenge in
model experiments (Brown et al., 1984; Giese et al.,
1996).
Some of the polyvalent phages were investigated re-
garding their resistance to UV rays as well as to some
chemical substances (Pillich et al., 1968; Sˇkorpı´kova´ et
al., 1973). One of these phages, designated f812, was
studied for several years in more detail by Rosypal and
Rosypalova´ (1970, 1972) and Rosypal et al. (1986) with
the aim of obtaining mutants with a broader host range
than that of the wild-type phage. They found that 70% of
141 S. aureus culture collection and hospital strains of
different provenance were sensitive to the wild-type
phage f812 and 89% were sensitive to at least one of its
host-range mutants. Some findings supported the idea
that in the sensitivity of S. aureus strains to the polyvalent
phage f812, some specific restriction–modification sys-
tems must play a decisive role (Dosˇkarˇ and Rosypal,
1986). Host-range mutants overcome the restriction sys-
tem of staphylococcal cells and grow in strains in which
the wild-type polyvalent phage is not able to grow
(Dosˇkarˇ, 1989). Thus in principle through studies of host-
range mutations in relation to the restriction–modifica-
tion system of host strains the broad host range as a
typical property of the polyvalent staphylophages could
be understood.
In this paper results are given which, together with
those reported previously by other authors, could give a
comprehensive view of the basic properties of polyvalent
staphylophages, of which the polyvalent phage f812
seems to be the most studied and was, therefore, cho-
sen for further study. The goals of our further study are
summarized as follows:
(i) To describe the morphology of the polyvalent
phage f812 and to compare its one-step growth and
adsorption kinetics in staphylococcal cells with those of
other polyvalent phages.
(ii) To define the host range of the wild-type phage
f812, its host-range mutants, and the other polyvalent
phages (SK311, w131, and U16) on a statistically signifi-
cant large number of S. aureus subsp. aureus strains of
different provenance. The results of this study should
answer the question of whether sensitivity to polyvalent
phages could be considered one of the common features
of strains classified with the species S. aureus subsp.
aureus as suggested by Fel’dman et al. (1975), who used,
however, a limited number of S. aureus strains.
(iii) To define the host range of the above-mentioned
phages on all the coagulase-negative species of the
genus Staphylococcus. The reason for estimating this
host range was that new coagulase-negative species
have not yet been tested as to their sensitivity to poly-
valent staphylophages.
(iv) To construct a genomic restriction map of the
polyvalent phage f812 and to find out to what extent this
map could be applicable to other polyvalent staphylo-
phages, especially to the phages SK311, w131, and U16.
(v) To localize the host-range mutations on the
genomic restriction map of the phage f812.
(vi) To classify the phage f812 with one of the
staphylophage species.
RESULTS
Morphology of the polyvalent phage f812
On the basis of electron microscopic study, the poly-
valent phage f812 can be classified as belonging to the
morphological group A1 (Fig. 1). On the phage capsid,
the isometric head of 92 nm diameter and the relatively
rigid tail of about 209 nm length and 18 nm width, with a
contractile sheath and base plate were observed. The
FIG. 1. Electron microscopy of the phage f812 (2% ammonium molybdate). Bar indicates 100 nm. The phage particles with noncontracted (A) and
contracted (B) sheaths.
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degree of sheath contraction is about 55%. We conclude,
therefore, that the morphology of the phage f812 is
similar to that of the polyvalent staphylophage w131
(Brandis and Lenz, 1984; Tkadlecˇek et al., 1981) and also
to that of the polyvalent phages of the Ph and U series
(Tkadlecˇek et al., 1978) as well as to the polyvalent
staphylophage K (Rees and Fry, 1981), phage SK311 (Go¨tz
et al., 1984), phage P1 (Black and Brown, 1986), and
phage Sb-1 (Chanishvili et al., 1980).
Adsorption kinetics and one-step growth of phage
f812 and SK311
Adsorption curves (Fig. 2A) show that during the first
10 min almost 100% of f812 virions were adsorbed by
cells of the host strain S. aureus SA 812. The same holds
for the phage SK311, which was adsorbed by cells of the
host strains S. carnosus TM 300 and S. aureus SA 812. In
contrast with that, the adsorption of f812 virions to cells
of the host strains S. carnosus TM 300 is slow. During the
first 10 min, roughly 75% of the virions of the phage f812
were adsorbed. This is in accordance with the long latent
phase (45 min), low burst size (12 virions per cell), and
low rates at which virions of the phage f812 were re-
leased from TM 300 cells (Fig. 3). The best one-step
growth was reached in the host strains, to the cells of
which the phages exhibited almost 100% adsorption.
This concerns the growth of the phages SK311 and f812
in S. aureus SA 812 and the growth of the phage SK311
in S. carnosus TM 300. However, the cells of many S.
aureus strains which are completely resistant to the
polyvalent phage f812 and its host-range mutants also
adsorb almost 100% virions of these phages (Fig. 2B).
The difference between sensitive and resistant Staphy-
lococcus strains seems to be based on the following two
factors: (i) injection of the phage DNA into the staphylo-
coccal cell and (ii) ability of the phage to grow within the
host cell.
Host-range mutants of the polyvalent phage f812
The host-range mutants differ from the wild-type
phage by the host range. Their host ranges are 0.3 to
11.0% broader than that of the wild-type phage in S.
aureus subsp. aureus strains and 0 to 6.5% broader than
that of the wild-type phage in coagulase-negative staph-
ylococci (Table 1). The efficiency of plating the mutants
on the host strain used for its selection varied within the
range 0.17–1.82.
Host range of the wild-type phage f812, its host-
range mutants, and those of the phages SK311, w131,
and U16 within the genus Staphylococcus
Sensitivity tests of staphylococcal strains to the wild-
type polyvalent phage f812 and 10 host-range mutants
FIG. 2. Adsorption kinetics of the phages f812 and SK311 (A) on cells of the strains S. aureus SA 812 and S. carnosus TM 300 and (B) adsorption
kinetics of the phage f812 on cells of the strain S. aureus FN 44 resistant to all the polyvalent phages under study. The constants of adsorption rate
(k in min21) are given.
FIG. 3. One-step growth curves and burst size of the phages f812
and SK311 in cells of the strains S. aureus SA 812 and S. carnosus
TM 300.
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were simplified by the use of a mixture of individual
phages. Such a mixture of phages was still active if it
contained at least 1 host-range mutant to which a given
staphylococcal strain was sensitive. On the other hand,
the mixture showed no activity on the strains which were
resistant to the wild-type phage and all the host-range
mutants. Therefore, we can conclude that the mixture of
these phages is sufficient for obtaining information about
whether a given strain is sensitive to at least one of the
phages in the mixture or resistant to all of them. This
conclusion was verified on 92 culture collection and 590
hospital strains of S. aureus of different provenance
(Table 2). On the whole, 95% of S. aureus strains were
sensitive to at least 1 of the host-range mutants of the
polyvalent phage f812. Only 5% were found to be resis-
tant to all of them. Most of the resistant strains exhibited
a high level of similarity to each other in their SmaI
macrorestriction patterns and were placed in the in-
traspecies restriction group 11 proposed by Pantu˚cˇek et
al. (1996). Strains of this group are relatively different
from strains of the intraspecies restriction group includ-
ing the type strain S. aureus subsp. aureus CCM 885.
The results gained from the study of a large number of
S. aureus subsp. aureus strains of different provenance
lead to the conclusion that sensitivity to at least one of
the polyvalent phages, i.e., f812 and its host-range mu-
TABLE 1
Origin of Individual f812 Host-Range Mutants and Their Host Range in Comparison with the Wild-Type Phage f812
Phage
Frequency
of mutants eop value
The strains on which the
mutants were selected
(selection strains)
Sensitivity of strains
to a given phage
(host range) (%)
Isolation of the phagein S. aureusa in CNSb
wild-type
f812
— — — 82.7 30.0 In Wernigerode (Germany) by
Rische and Meyer
(unpublished)
812K1 4.3 3 1028 0.17 S. aureus FN 34 111.0 1 6.5 In this work
812F1 2.6 3 1029 0.46 S. aureus FN 4 1 7.6 1 3.3 In this work
812e 2.3 3 1026 1.41 S. aureus HS 1160 1 5.9 1 3.3 Rosypal and Rosypalova´ (1972)
812a 9.9 3 1029 0.43 S. aureus S 26 1 5.9 1 1.6 Rosypal and Rosypalova´ (1970)
812i 3.4 3 1026 1.16 S. aureus SA 66 1 5.9 1 3.3 Rosypal and Rosypalova´ (1972)
812p 2.5 3 1029 0.46 S. aureus PS 94 1 2.0 1 0.0 Rosypal et al. (1986)
812o 5.1 3 1026 0.47 Staphylococcus sp. CCM 2516 1 1.7 1 1.6 Rosypal et al. (1986)
812n 3.5 3 1026 0.53 S. aureus SA 24287 1 1.1 1 1.6 Rosypal and Svobodova´ (1973)
812b 1.6 3 1026 1.82 S. aureus SA 66 1 1.1 1 0.0 Rosypal and Rosypalova´ (1972)
812F3 1.3 3 1028 1.05 S. carnosus CCM 3886 1 0.3 1 4.9 In this work
a Culture collection strains and clinical isolates of human origin reported in Table 2.
b Coagulase-negative staphylococcal species reported in Table 3.
TABLE 2
Sensitivity of 782 S. aureus Strains to the Wild-Type Polyvalent Phage f812 and Its Host-Range Mutants
Source of the strain
Number of
strains tested
Number of strains classified to polyvalent phage
812 sensitivity group Number of strains
sensitive to the
phage mixturedAa Bb Cc
Culture collectione 92 70 (76.1%) 13 (14.1%) 9 (9.8%) 83 (90.2%)
Clinical isolates (human origin) 590 494 (83.7%) 69 (11.7%) 27 (4.6%) 563 (95.4%)
Clinical isolates (bovine origin) 100 ND ND 3 (3.0%) 97 (97.0%)
Total 782 564 (82.7%) 82 (12.0%) 39 (5.0%) 743 (95.0%)
Note. ND, not done.
a Strains sensitive to the wild-type polyvalent phage f812 and to at least one of its host-range mutants.
b Strains resistant to the wild-type polyvalent phage f812 and sensitive to at least one of its host-range mutants.
c Strains resistant to the wild-type polyvalent phage f812 and to all of its host-range mutants.
d Strains sensitive to the phage mixture (M) containing in approximately equal proportions the wild-type phage f812 and all its host-range mutants.
Number of strains corresponds to sum of those of A and B polyvalent phage 812 sensitivity groups.
e Collection strains of S. aureus include 52 strains from CCM, 23 PS strains used as the hosts for the phages of the International Standard Set, and
another 17 used in this work.
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tants, SK311, w131, and U16, is a common positive prop-
erty of 95% of strains of the species S. aureus subsp.
aureus and could have a diagnostic significance in cor-
relation with other features. According to ‘‘Bergeys’ Man-
ual’’ (Holt et al., 1994) 90% of strains are sufficient for a
given property to be considered a positive one for the
bacterial species.
The data in Table 3 give information on the host range
of the polyvalent phages SK311, w131, U16, f812, and its
host-range mutants both in coagulase-positive strains
TABLE 3
Host Range of the Polyvalent Bacteriophages SK311, U16, w131, and f812 within the genus Staphylococcus
Host strain
Sensitivity to the phage
Host strain
Sensitivity to the phage
SK311 U16 w131 f812 Ma SK311 U16 w131 f812 Ma
S. arlettae CCM 3830T (2) (2) (2) (2) (2) S. hominis CCM 2732 1 1 1 1 1
S. aureus subsp. aureus CCM 885T 1 1 1 1 1 S. hominis CCM 2733 2 2 2 2 2
S. aureus subsp. anaerobius CCM 3823T 1 1 1 1 1 S. hominis CCM 3474T 2 (2) 2 2 2
S. auricularis CCM 3991T (2) (2) (2) (2) (2) S. hyicus CCM 2368T (2) 1 1 1 1
S. auricularis CCM 3992 (2) (2) 2 2 2 S. hyicus CCM 2994 (2) 1 1 1 1
‘‘S. bovicus’’ CCM 4655 2 2 2 2 2 S. hyicus CCM 2995 1 1 1 1 1
‘‘S. bovicus’’ CCM 4656 2 2 2 2 2 S. intermedius CCM 2618 (2) (2) (2) (2) (2)
S. capitis subsp. capitis CCM 2734T 1 1 1 1 1 S. intermedius CCM 2885 (2) (2) (2) 2 (2)
S. capitis subsp. capitis CCM 2735 1 1 1 1 1 S. intermedius CCM 5739T 1 (2) 1 1 1
S. capitis subsp. ureolyticus CCM 4291T 1 1 1 1 1 S. kloosii CCM 3834T 2 (2) (2) (2) (2)
S. capitis subsp. ureolyticus CCM 4293 1 1 1 1 1 S. kloosii CCM 3835 1 1 1 1 1
S. caprae CCM 3573T (2) (2) (2) (2) (2) S. lentus CCM 2598 (2) (2) (2) (2) (2)
S. carnosus CCM 3885 1 1 1 1 1 S. lentus CCM 3472T 2 2 2 2 2
S. carnosus CCM 3886 1 1 1 1 1 S. lugdunensis CCM 4064T 1 1 1 1 1
S. carnosus CCM 4579 1 1 1 1 1 S. lugdunensis CCM 4069 1 1 1 1 1
S. carnosus DSM 20501T 1 1 1 1 1 S. lutrae CCM 4681T (2) (2) (2) (2) (2)
S. carnosus F2 (2) (2) (2) (2) (2) S. muscae CCM 4175T 2 2 2 2 2
S. carnosus M3 1 1 1 1 1 S. muscae CCM 4176 2 2 2 2 2
S. carnosus SK 06 (2) (2) (2) (2) (2) S. muscae CCM 4177 2 2 2 2 2
S. carnosus TM300 1 1 1 1 1 S. muscae CCM 4178 (2) 1 (2) 2 (2)
‘‘S. carouselicus’’ CCM 4650 2 2 2 2 2 S. pasteuri CCM 4389T (2) (2) (2) (2) (2)
‘‘S. carouselicus’’ CCM 4652 2 2 2 2 2 S. pasteuri CCM 4390 1 1 1 1 1
S. caseolyticus CCM 3540T 2 2 2 2 2 S. piscifermentans CCM 4345T 2 (2) (2) (2) (2)
S. chromogenes CCM 3385 (2) (2) (2) (2) (2) S. piscifermentans CCM 4346 (2) (2) (2) (2) (2)
S. chromogenes CCM 3386 (2) (2) (2) (2) (2) S. piscifermentans CCM 4347 (2) (2) (2) (2) (2)
S. chromogenes CCM 3387T (2) (2) (2) (2) (2) S. piscifermentans SK 02 2 (2) 2 2 2
S. cohnii subsp. cohnii CCM 2726 2 (2) (2) (2) 1 S. piscifermentans SK 05 2 (2) (2) (2) (2)
S. cohnii subsp. cohnii CCM 2736T 2 2 2 2 2 S. pulvereri CCM 4481 1 1 1 1 1
S. cohnii subsp. urealyticum CCM 4294T (2) (2) (2) (2) 1 S. saprophyticus CCM 883T 2 2 2 2 2
S. cohnii subsp. urealyticum CCM 4295 2 (2) (2) (2) (2) S. saprophyticus CCM 2204 2 (2) (2) (2) (2)
S. cohnii subsp. urealyticum CCM 4296 (2) 1 1 (2) (2) S. saprophyticus CCM 2354 (2) 1 1 1 1
S. delphini CCM 4115T 2 (2) (2) (2) (2) S. saprophyticus CCM 2682 (2) 1 1 (2) 1
S. delphini CCM 4184 (2) (2) (2) (2) (2) S. saprophyticus subsp. bovis CCM 4410T (2) (2) (2) (2) (2)
S. epidermidis CCM 50 (2) 1 1 (2) 1 S. schleiferi subsp. coagulans CCM 4313T (2) 1 (2) (2) (2)
S. epidermidis CCM 2124T 1 1 1 1 1 S. schleiferi subsp. coagulans CCM 4315 (2) 1 (2) (2) (2)
S. epidermidis CCM 4418 2 1 1 (2) (2) S. schleiferi subsp. schleiferi CCM 4070T 1 1 1 1 1
S. epidermidis Tu¨ RP 62A (2) 1 1 (2) 1 S. schleiferi subsp. schleiferi CCM 4071 (2) (2) (2) (2) (2)
S. epidermidis Tu¨ O-47 (2) 1 1 1 1 S. sciuri subsp. sciuri CCM 3473T (2) (2) (2) (2) (2)
S. epidermidis Tu¨ 3298 (2) 1 1 1 1 S. sciuri subsp. sciuri CCM 4232 (2) (2) (2) (2) (2)
‘‘S. equipercicus’’ CCM 4653 2 2 2 2 2 S. sciuri subsp. rodentium CCM 4657T 2 (2) 2 2 2
‘‘S. equipercicus’’ CCM 4654 2 2 2 2 2 S. sciuri subsp. rodentium CCM 4658 2 (2) (2) (2) (2)
S. equorum CCM 3832T 2 (2) 2 2 2 S. simulans CCM 2705T (2) (2) (2) (2) (2)
S. equorum CCM 3833 (2) (2) (2) (2) (2) S. simulans CCM 2724 1 1 1 (2) 1
S. felis CCM 4196T (2) 1 1 1 1 S. simulans CCM 3583 2 (2) (2) 2 2
S. felis CCM 4197 (2) 1 1 (2) (2) S. vitulus CCM 4511T (2) 1 (2) (2) (2)
S. felis CCM 4198 1 1 1 1 1 S. warneri CCM 2730T 1 1 1 1 1
S. gallinarum CCM 3572T (2) (2) (2) (2) (2) S. warneri CCM 2731 (2) 1 1 1 1
S. gallinarum Tu¨ 3928 (2) (2) (2) (2) (2) S. xylosus CCM 2725 (2) (2) (2) (2) (2)
S. haemolyticus CCM 1798 2 (2) (2) 2 (2) S. xylosus CCM 2738T (2) (2) (2) (2) (2)
S. haemolyticus CCM 2729 2 (2) (2) (2) (2) S. xylosus Tu¨ c2a (2) (2) (2) (2) (2)
S. haemolyticus CCM 2737T 1 1 1 1 1 S. xylosus Tu¨ KL 117 (2) (2) (2) (2) (2)
Note. 1, Sensitivity of a given host strain to the phage (clear zone in the spot area at 107PFU in spot). 2, Resistance of a given host strain to the
phage (no zone in the spot area at 107PFU in spot). (2), Resistance of a given host strain to the phage (turbid zone in the spot area at 107PFU in spot).
T, the type strain.
a M, Mixture of the wild-type polyvalent phage f812 and its 10 host-range mutants.
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not classified with the species S. aureus subsp. aureus
and in different coagulase-negative species. As calcu-
lated from the data given in Table 3, the percentage of
coagulase-negative strains sensitive to both the individ-
ual polyvalent phages and the mixture of host-range
mutants falls into the range from 26 to 43%. Therefore,
the conclusion can be drawn that sensitivity to the poly-
valent staphylococcal phage and its host-range mutants
is not a typical feature of coagulase-negative staphylo-
cocci. On the other hand, such a small percentage of
phage-sensitive strains is suitable for their phage typing
(Pulverer et al., 1975; Pillich et al., 1978b; Heczko et al.,
1978).
Characterization of DNA and restriction map of the
phages f812 and SK311
By means of pulsed-field gel electrophoresis, the size
of DNA was estimated to be equal to 146.5 6 3.6 kb in
phage f812 and 141.1 6 3.6 kb in phage SK311. The DNA
of all the polyvalent phages under study (f812, SK311,
w131, and U16) was estimated to be linear and double
stranded, exhibiting Tm values of 82.2 6 0.1°C and G 1
C content 31.5 6 0.2 mol%. Comparison of the restriction
patterns of the DNAs ligated with T4 DNA ligase before
cleaving with those not ligated before cleaving indicated
that the DNAs have no cohesive ends. The restriction
map of the polyvalent phage f812 (Fig. 4) and that of
SK311 were constructed by using six restriction endo-
nucleases AvaI, KpnI, PstI, SacI, SmaI, and XhoI. The
other restriction endonucleases (EcoRI, HindIII, HpaI,
ScaI, and XbaI) were proved not to be suitable for map-
ping because they cleave the phage DNA into more than
30 restriction fragments. The DNAs were not cleaved by
the restriction endonucleases ApaI, BglI, BglII, BamHI,
ClaI, HaeIII, PvuI, PvuII, NarI, StuI, SstI, SacI, SacI, SalI,
Sau96I, and Sau3AI.
The restriction maps of the polyvalent phages f812
and SK311 are almost identical, differing only by two
deletions in terminal restriction fragments. The DNAs of
the phages U16 and w131 exhibit a high level of homol-
ogy to f812 DNA, both the phages having the same
restriction pattern and differing from phage f812 by the
same changes.
Localization of the host-range mutations on the
restriction map
To localize the host-range mutations on the above
restriction map (Fig. 4) we compared the DNA restriction
patterns of the host-range mutants with those of the
wild-type phage f812 (Fig. 5A). As can be seen in Table
4 (in which the data are also given concerning the re-
striction fragment length polymorphism of the phages
SK311, w131, and U16) the changes in the restriction
patterns are mostly caused by deletions, insertions, and
in rare cases by inversions. The following approach was
chosen for distinguishing deletions, insertions, and in-
versions in the restriction fragment patterns.
If a certain restriction fragment of the wild-type phage
FIG. 4. Restriction endonuclease cleavage map of the polyvalent phage f812. The restriction fragments are labeled with capital letters in order of
their decreasing size. Host-range mutations are recorded in accordance with Table 4. Precise localization of the deletions and insertions within
labeled regions has not been carried out.
FIG. 5. Analysis of the restriction patterns of polyvalent bacterio-
phages. (A) PFGE separation of DNAs from the polyvalent phages
f812, SK311, w131, and U16 and from f812 host-range mutants. DNAs
were digested with restriction endonuclease PstI. Sizes in kb are
indicated on the left. Lane S, l DNA molecular weight marker. (B)
Southern blot hybridization of PstI-digested DNAs from f812 and the
host-range mutant 812F3 with DIG-labeled probes prepared from the
restriction fragments 812F3-PstI-M, 812F3-PstI-O, and 812-PstI-P.
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f812 had a higher molecular weight in comparison with
a corresponding restriction fragment of the host-range
mutant, a deletion must have occurred in the former. This
concerns the deletions designated as D1, D3, D12, D13,
and D14. The homology of both the fragments, i.e., of the
wild-type and the mutant strains, was proved by using
the labeled restriction fragment of the wild-type phage
f812 as a probe in Southern hybridization experiments.
Two deletions designated D6 and D10 lead to a loss of
the PstI restriction site, which made it possible to define
the deletion on the restriction map. Due to loss of the
restriction site in such mutations, the probes prepared
from two neighboring restriction fragments of the wild-
type phage hybridized only to the fragment which origi-
nated from joining the above two neighboring fragments.
If a certain restriction fragment of the wild-type phage
f812 had lower molecular weight than a corresponding
restriction fragment of the host-range mutant, an inser-
tion must have occurred in the latter. This concerns the
insertions designated I2, I4, and I9. The homology of both
the fragments, i.e., of the wild-type and the mutant
strains, was proved by using the labeled restriction frag-
ment of the host-range mutant as a probe.
The probes prepared from the restriction fragments, in
which the mutation changes had occurred, did not hy-
bridize to any other DNA restriction fragments (Fig. 5B) of
the compared phage strains. The discovery suggested
that each deletion and insertion was limited only to
certain regions of the phage genome.
The mutations 8 and 11 resulted in the shift of the KpnI
restriction site. This change originated neither from de-
letion nor from insertion, because the size of overlapping
fragments on the restriction map remained the same. It
may have been caused by inversion of a DNA segment.
On the other hand, new restriction sites may have re-
sulted from mutations without any deletions or insertions
being revealed. This holds for the restriction site XhoI in
mutation 5 and the restriction site KpnI in mutation 7.
We noted that some host-range mutations must have
occurred simultaneously in linkage. These were as fol-
lows: (i) The mutations I4 and 8 in the host-range mu-
tants 812b, 812F3, 812p, and 812i. (ii) The mutations I2,
D6, I9, D10, 11, and D14 in the host-range mutants 812b
and 812F3, the restriction patterns of which are more
similar to that of the phages U16 and w131 than to that of
the wild-type phage f812. (iii) The deletion D3 in 812F1
was not observed in any of the other phages.
Besides the fact that some mutations were common to
most mutant phages under study, the phages differed
from one another in their other mutations which were
specific to each phage strain. These mutations were
detected by using the restriction endonucleases HindIII
and HpaII (Table 4).
DISCUSSION
It has already been stated by Novick (1990) that the
staphylococcal phages all adsorb to the same receptor
located in the peptidoglycan–teichoic acid complex in
TABLE 4
Characteristics of Restriction Fragment Length Polymorphism in DNAs of the Host-Range Mutants of f812, Phages SK311, U16, and w131,
in Comparison with the Restriction Map of the Wild-Type Polyvalent Phage f812
Change in the restriction pattern Designationa Localization on the restriction map Phage genome
Deletion 3.0 kb D1 PstI—I fragment SK311
Insertion 1.0 kb I2 PstI—O fragment U16, w131, 812F3, 812b
Deletion 1.5 kb D3 PstI—C fragment 812F1
Insertion 1.3 kb I4 PstI—B fragment U16, w131, 812F3, 812b, 812i, 812p
Acquisition of XhoI site 5 PstI—J fragment U16, w131, 812F3, 812b, 812p
Loss of PstI site D6 Junction of PstI—P and D fragments U16, w131, 812F3, 812b
Acquisition of KpnI site 7 KpnI—H fragment U16, w131, 812F3, 812b
Shift of KpnI site 0.65 kb 8 Junction of KpnI—H and F fragments U16, w131, 812F3, 812b, 812i, 812p
Insertion 1.3 kb I9 PstI—M fragment 812F3, 812b, 812i, 812p
Deletion 2.8 kb D10 Junction of PstI—A and E fragments U16, w131, 812F3, 812b
Shift of KpnI site 0.9 kb 11 Junction of KpnI—C and D fragments U16, w131, 812F3, 812b
Deletion ;1 kb D12 KpnI—C fragment U16, w131
Deletion 2.6 kb D13 SacI—G fragment SK311
Deletion ;30 bp D14 PstI—S fragment U16, w131, 812F3, 812b
Acquisition or loss of from 1 to
6 fragments in HindIII
restriction pattern
Fragments of 1750, 1800, 1900, 2400,
2550, 2750, 3400, 3800, 6300, and
7100 bp not localized on the map
SK311, U16, w131, and all host-range
mutants of f812
Acquisition or loss of from 1 to
4 fragments in HpaII
restriction pattern
Fragments of 2000, 2190, 2420, 2650,
2700, 2800, 4750, 5900, 6000, and
6400 bp not localized on the map
SK311, U16, w131, and all host-range
mutants of f812
a Any deletion is symbolized by ‘‘D’’ and insertion by ‘‘I.’’
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the cell wall. Differences in susceptibility are thus related
to postadsorption phenomena, including restriction–
modification systems. As reported by Rosypal and Hora´-
kova´ (1968), the presence of prophages may also lead to
resistance of the host strains to the polyvalent phages. In
addition, the sensitivity of staphylococcal strains to the
polyvalent phages may be influenced by the presence of
a capsule which acts as a barrier for the interaction of
the phage with its receptor in the bacterial cell wall
(Ohshima et al., 1988). However, the S. aureus subsp.
aureus strains shown in our paper to be resistant to
polyvalent phages were not encapsulated. As mentioned
in this paper and also by Dosˇkarˇ and Rosypal (1986),
both the sensitive and resistant cells of S. aureus subsp.
aureus strains adsorb virions of the polyvalent phages
well. Therefore, the conclusion can be drawn that all S.
aureus subsp. aureus strains possess a common recep-
tor for the polyvalent staphylophages.
Dosˇkarˇ (1989) reported that in S. aureus strains, the
restriction–modification system is the main factor deter-
mining their sensitivity to polyvalent staphylophages.
From strains resistant to the wild-type phage f812, re-
striction-deficient mutants (r2) were isolated, the major-
ity of which were also modification-deficient (m2). On the
basis of that and also because the isolation of restriction
enzymes of class II from r1 strains was not successful, it
was supposed that the restriction–modification system
related to the polyvalent phage f812 is not of type II.
After being propagated on the mutant strain r2m1, the
wild-type phage was modified to allow growth on some
strains originally resistant to this phage. The fact that on
these strains certain host-range mutants also grew sug-
gests that these strains have the same restriction–modi-
fication system (Dosˇkarˇ, 1989).
Mutations leading to changes in the host range of the
polyvalent phage f812 are spontaneous, as no mutagen
was used for their induction and no reversion to the
wild-type phenotype has been observed so far. Since
they do not revert to the wild-type, the possibility can be
excluded that they arose by single mutations. As shown
in our paper they involve deletions and insertions of DNA
segments (0.03–3 kb) which may correspond to up to
three genes. Some host-range mutants have in compar-
ison with the wild-type phage, a genome of higher mo-
lecular weight (148.6 6 3.9 kb in 812F3 and 812b). The
host-range mutants 812F3, 812b, 812i, and 812p have
multiple chromosomal rearrangements. The chance of
such rearrangements by normal mutational mechanism
is very low. We therefore suppose that they arose by
recombination resulting in rescue of segments from
prophages present in the host strain (many staphylococ-
cal strains are polylysogenic). Analogous mechanisms
have been found in the genesis of new lambdoid phages
(Baker et al., 1991; Campbell, 1994). The existence of
different combinations of chromosomal changes among
various host-range mutants is the main evidence for a
recombinational origin of these phage strains (Baker et
al., 1991).
Spontaneous deletions and insertions in bacterio-
phages have already been reported by several authors.
In bacteriophage T7, the deletions lead to chromosomal
rearrangements and frequently occur between directly
repeated DNA sequences (Pierce and Masker, 1989). In
Lactobacillus delbrueckii subsp. lactis bacteriophage
LL-K a 1.5-kb insertion segment flanked by direct repeats
showed some features of a transposable element (Fors-
man and Alatossava, 1994). Bruttin and Bru¨ssow (1996)
observed site-specific spontaneous deletions associ-
ated neither with DNA repeats nor with IS elements in
the genome of the temperate Streptococcus termophilus
phage fSFi21. The mutants with a 2.7-kb deletion lost the
capacity to lysogenize host cells and became virulent. As
found by Kennedy et al. (1983) the genome of bacterio-
phage P1 contains a segment which is invertible by site
specific recombination and flanked by invertible repeats.
Sandmeier (1994) showed that different gene variants
originating from DNA inversion or site-specific recombi-
nation are responsible for host-range variation in bacte-
riophages of enteric bacteria. The expansion of the T4
host range by duplication of a small domain of the tail
fiber adhesin was described by Te´tart et al. (1996).
The construction of the restriction map of the polyva-
lent staphylococcal phage f812 and the localization of
host-range mutations on it are quite new findings. The
restriction map of the polyvalent phage f812 holds true
also for the other polyvalent phages, at least for SK311,
w131, and U16. Genomes of these phages differ only by
minor changes from those of the polyvalent phage f812.
Moreover, these changes are similar to those of the
host-range mutants. The DNA restriction pattern of the
polyvalent phage f812 is, however, completely different
from that of the International Set of Typing Phages. Also,
no homology between the f812 polyvalent phage DNA
and the DNAs of phages from the above set was found
(unpublished results). This means that the f812 and its
related phages are phylogenetically different from the
International Set of Typing Phages.
All the characteristics of the polyvalent phage f812
correspond to those described by Ackermann and
DuBow (1987) for the phage species Twort, in which the
phages SK311 and w131 had already been included.
Since the restriction patterns as well as the restriction
maps of the phages f812, SK311, w131, and U16 are
similar, there is no doubt that all these phages are
closely related. Therefore, the phage f812 should also
be classified with the phage species Twort. The results
concerning the polyvalent phage f812 reported in this
paper supplement substantially the description of the
phage species Twort, as follows: The double-stranded
DNA of this species is linear, with a size within the range
141.1–148.6 kb and of G 1 C content 31.5 6 0.2 mol%. The
restriction map is also linear, with minor differences in
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phage strains. Deletions, insertions, and inversions oc-
cur spontaneously in the genome of this species, mani-
festing themselves phenotypically in changes of the host
range. Sensitivity to at least one of the polyvalent staphy-
lophages or one of the f812 host-range mutants is one of
the main characteristics of the S. aureus subsp. aureus
species.
MATERIALS AND METHODS
Bacteriophages and bacteria
The following polyvalent bacteriophages were used
(their host strains and at the same time propagating
strains are in parentheses: w131 (S. aureus 6409), f812
(S. aureus SA 812), both obtained from Dr. J. Pillich
(Biophysical Institute, Brno, Czech Republic), U16 (S. epi-
dermidis V505), obtained from Dr. V. Ha´jek (Palacky´ Uni-
versity, Olomouc, Czech Republic), and SK311 (S. carno-
sus TM 300). The phage f812 is deposited in the Col-
lection of Animal Pathogenic Microorganisms - CAPM
(Veterinary Research Institute, Brno, Czech Republic).
The bacterial strains were obtained as follows: those
labeled CCM from the Czech Collection of Microorgan-
isms (Brno, Czech Republic), those designated PS (prop-
agating strains for phages of the International Set of
Typing Phages) from Dr. V. Ha´jek, those designated SA
from the collection of the Department of Genetics and
Molecular Biology (Masaryk University, Brno, Czech Re-
public), and those designated Tu¨, SK, F2, M3, and TM 300
from the laboratory of Professor F. Go¨tz. The type strain
S. carnosus DSM 20501 was obtained from the German
Collection of Microorganisms and Cell Cultures (Braun-
schweig, Germany). S. aureus S26 is S. aureus NCTC
8511 lysogenized with bacteriophage 53; S. aureus HS
1160 is a coagulase-negative mutant of S. aureus NCTC
8511 isolated by Dr. Korman.
Clinical isolates designated S. aureus subsp. aureus
FN were collected from seven hospitals in Brno during
the years 1991–1994. They represented 590 strains of
different provenance, as follows (number of strains is in
parentheses): throat (185), nose (174), ear (45), pus (44),
swab (41), wound (27), skin (22), urine (13), eye (5),
abscess (4), sputum (4), ulcer (4), vesicle (3), furuncle (3),
fistula (3), bronchi (2), decubitus (2), stool (2), tonsils (2),
burn (2), gangrene (1), thrombus (1), and catheter (1). The
biochemical characteristics of these strains (they pro-
duce coagulase, hyaluronidase, and alkaline phospha-
tase, form acid aerobically from D-mannitol, sucrose, and
D-trehalose, produce acetoin from glucose, and reduce
nitrates) correspond to those which are described for S.
aureus subsp. aureus (Holt et al., 1994). In addition, 100
S. aureus subsp. aureus strains of bovine origin, col-
lected in eight dairy farms during the years 1992–1994,
were examined. Twenty of them were isolated from quar-
ter milk samples from cows affected with clinical or
subclinical mastitis, 70 from bulk milk samples, and 10
from swabs from milking machines. These strains were
isolated and identified by the methods described by
Ru˚zˇicˇkova´ (1994).
Media
Nutrient broth: ‘‘Lab-Lemco’’ beef extract 3 g, peptone
(Oxoid) 10 g, yeast extract (Oxoid) 3 g, NaCl 5 g, distilled
water to 1000 ml, pH adjusted to 7.2. Solid medium:
nutrient broth, 1.2% agar No.3 (Oxoid), pH adjusted to 7.2.
Soft agar: nutrient broth, 0.7% agar No.1 (Oxoid), pH
adjusted to 7.2.
Electron microscopy
Purified phage lysates were washed in neutral 0.1 M
ammonium molybdate. Drops of lysates were placed on
a grid with carbon-coated Formvar. After 1 min on the
grid, they were negatively stained with 2% (w/v) ammo-
nium molybdate (MA) or 2% (w/v) phosphotungstic acid
(PTA). The electron microscope Tesla BS 500 (Tesla,
Czech Republic) was used. The following formula
(Tkadlecˇek et al., 1978) was used for the measurements:
d 5 a 3 Î10 1 2 3 Î52 ,
where d is the diameter of a sphere circumscribed
around the icosahedron and a is the side of any equilat-
eral triangle that forms the capsid head. Sixty phage
particles were measured.
Adsorption and growth studies
The adsorption kinetics of the phages were deter-
mined and one-step growth was carried out by the con-
ventional methods described by Stent (1963) and Luria
and Darnell (1968).
The isolation of the phage mutants and testing for
host-controlled modification
All the host-range mutants were spontaneous mutants
of the polyvalent phage f812 as they were selected from
the high-titer lysate of this phage as rare plaques on
plates seeded with a staphylococcal strain resistant to
this phage. All the mutants were proved to be stable, as
they did not change their host range after several pas-
sages through different strains of S. aureus. The value of
efficiency of plating (eop value) was then calculated as
the fraction a/b, where a is the titer of the mutant phage
lysate on the strain used for selection of the mutant
phage and b is the titer of the mutant phage lysate on the
propagating strain S. aureus SA 812.
Sensitivity tests
Individual phage lysates were adjusted to the titer
2–3 3 109 PFU ml21. For estimating the sensitivity of
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staphylococcal strains to the phages under study, the
spot test was used (107 PFU in spot). The strain tested
was considered to be sensitive to a given phage or
mixture of phages (wild-type phage f812 and 10 host-
range mutants mixed in equal proportions) if it formed
confluent or semiconfluent lysis in the spot area (clear
zone), and resistant if it did not form any lysis in the
spot area (no zone). If a strain tested formed a turbid
spot area (turbid zone), the test was repeated three
times. If at least one of these repeated tests gave
confluent or semiconfluent lysis in the spot area, the
tested strain was considered sensitive to the given
phage or phage mixture. The spot area which did not
change after threefold repeating was considered du-
rably turbid and the strain manifesting this was re-
corded as resistant.
Isolation of phage DNA
Phage lysate (500 ml) was centrifuged at low
speeds to remove cellular debris and the phage par-
ticles were concentrated by centrifuging at 23,000
rpm, 4°C for 2.5 h (centrifuge UP 65, MLW, 6 3 90 ml
rotor). The pellet was resuspended in 6 ml of phage
buffer (10 mM NaCl, 50 mM Tris z Cl, 10 mM CaCl2, pH
8.0). The extraction and purification of bacteriophage
DNA by phenol extraction was performed according to
Maniatis et al. (1982).
Base composition of DNA determination
The determination of guanine plus cytosine was car-
ried out in the Beckman DU 7400 spectrophotometer. The
G 1 C content was calculated from the midpoint tem-
perature of the thermal melting profile (Tm) of DNA (Mar-
mur and Doty, 1962).
DNA digestion with restriction endonucleases and
restriction mapping
About 5 mg of phage DNA was digested with restriction
endonucleases (Promega) in a total volume of 100 ml under
standard conditions (Maniatis et al., 1982). Pulsed-field gel
electrophoresis (PFGE) was performed with the CHEF-DR II
system (Bio-Rad) in 1.2% agarose gels at 14°C in 13 TAE
buffer. A constant voltage of 140 V was applied with an
increasing pulse time of 1–12 s over a period of 16 h.
Horizontal slab gel electrophoresis was performed in 1.0%
agarose gels in 13 TAE buffer at 1.5 V cm21 for 8 h at
room temperature. Molecular weight markers which are
HindIII 1 EcoRI restriction fragments of bacteriophage l
DNA (Promega), concatemers of pBR328 (5-kb ladder, Bio-
Rad), and concatemers of bacteriophage lcI857Sam7 (Bio-
Rad) were used. The gels were stained in ethidium bromide
(0.5 mg ml21 in TAE buffer) and photographed under UV
illumination (302 nm).
The physical maps were constructed using comple-
mentary methods including multiple digests of genomic
DNA and cross-Southern hybridization of restriction frag-
ments. The restriction fragments were isolated from the
gel after having performed electrophoresis with low-
melting-point agarose (Sigma Chemical Co.) and were
labeled by the DIG DNA Labeling and Detection Kit
(Boehringer Mannheim). Digested DNAs resolved by
electrophoresis were transferred to nylon membranes
(Boehringer Mannheim) by Southern blotting. The mem-
branes were prehybridized and hybridized with the probe
at 68°C and were detected according to the supplier’s
recommendation.
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